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ABSTRACT
The dense interiors of massive galaxies are among the most intriguing environments in the Universe. In this
paper we ask when these dense cores were formed and determine how galaxies gradually assembled around
them. We select galaxies that have a stellar mass > 3× 1010 M⊙ inside r = 1 kpc out to z = 2.5, using the
3D-HST survey and data at low redshift. Remarkably, the number density of galaxies with dense cores appears
to have decreased from z = 2.5 to the present. This decrease is probably mostly due to stellar mass loss and the
resulting adiabatic expansion, with some contribution from merging. We infer that dense cores were mostly
formed at z > 2.5, consistent with their largely quiescent stellar populations. While the cores appear to form
early, the galaxies in which they reside show strong evolution: their total masses increase by a factor of 2 − 3
from z = 2.5 to z = 0 and their effective radii increase by a factor of 5 − 6. As a result, the contribution of dense
cores to the total mass of the galaxies in which they reside decreases from∼ 50 % at z = 2.5 to ∼ 15 % at z = 0.
Because of their early formation, the contribution of dense cores to the total stellar mass budget of the Universe
is a strong function of redshift. The stars in cores with M1 kpc > 3× 1010 M⊙ make up ∼ 0.1 % of the stellar
mass density of the Universe today but 10 % – 20 % at z ∼ 2, depending on their IMF. The formation of these
cores required the conversion of ∼ 1011 M⊙ of gas into stars within ∼ 1kpc, while preventing significant star
formation at larger radii.
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1. INTRODUCTION
The central regions of massive elliptical galaxies such as
NGC 1399 and NGC 4472 are different from any environment
seen in galaxies such as the Milky Way. The mean stellar den-
sities are ∼ 10 M⊙ pc−3 in the central kpc, and their velocity
dispersions reach or even exceed ∼ 300 km s−1. The stellar
populations are old, metal rich, and strongly α-enhanced, in-
dicating that the stars were formed early in a short, intense
period of star formation (Franx & Illingworth 1990; Worthey,
Faber, & Gonzalez 1992; Davies, Sadler, & Peletier 1993;
Kuntschner et al. 2001, 2010, and many other studies). Star
formation in these central regions likely took place under
very different physical conditions than those in the present-
day disk of the Milky Way, possibly leading to a bottom-
heavy IMF with an excess of low mass stars compared to the
1 Department of Astronomy, Yale University, New Haven, CT 06511,
USA
2 Steward Observatory, University of Arizona, 933 North Cherry Av-
enue, Tucson, AZ 85721, USA
3 Max Planck Institute for Astronomy (MPIA), Königstuhl 17, D-69117,
Heidelberg, Germany
4 Department of Astronomy, University of Cape Town, Private Bag X3,
Rondebosch 7701, South Africa
5 Astrophysics Science Division, Goddard Space Center, Greenbelt, MD
20771, USA
6 Space Telescope Science Institute, Baltimore, MD 21218, USA
7 Department of Astronomy & Astrophysics, University of California,
Santa Cruz, CA, USA
8 Max-Planck-Institut für extraterrestrische Physik, Giessenbachstrasse,
D-85748 Garching, Germany
9 Leiden Observatory, Leiden University, Leiden, The Netherlands
10 Department of Astronomy, University of California, Berkeley, CA
94720, USA
11 Department of Physics and Astronomy, Tufts University, Medford,
MA 02155, USA
Milky Way IMF (van Dokkum & Conroy 2010; Treu et al.
2010; Krumholz 2011; Cappellari et al. 2012; Conroy & van
Dokkum 2012; Hopkins 2013). These dense centers also host
the most massive black holes in the Universe (Magorrian et al.
1998; Ferrarese & Merritt 2000; Gebhardt et al. 2000), which
probably accreted most of their mass during the peak star for-
mation epoch. Despite their high star formation efficiency
in the past, dense regions are hostile to star formation today:
quiescence correlates well with velocity dispersion and with
stellar surface density (Kauffmann et al. 2003; Franx et al.
2008; Wake, van Dokkum, & Franx 2012; Bell et al. 2012).
The dense interiors of massive galaxies account for only
a small fraction of the total stellar mass in the present-day
Universe, but given the old ages of their stars this fraction is
expected to increase with redshift. In fact, the formation of
the dense central parts of elliptical galaxies may preceed the
assembly of the rest of the galaxies. Many quiescent galaxies
at z = 1.5 − 2.5 are much more compact than nearby galaxies
of the same mass (e.g., Daddi et al. 2005; Trujillo et al. 2006;
van Dokkum et al. 2008; Cimatti et al. 2008; Damjanov et al.
2009; Williams et al. 2010), and as first shown by Bezanson
et al. (2009) the central densities of the compact high red-
shift galaxies are broadly similar to those of massive elliptical
galaxies today. This is consistent with the idea that massive
galaxies have grown inside-out since z ∼ 2, with their cores
forming at higher redshift and their outer envelopes building
up slowly through star formation, minor mergers, or other pro-
cesses (e.g., Loeb & Peebles 2003; Bezanson et al. 2009;
Naab, Johansson, & Ostriker 2009; van Dokkum et al. 2010;
Hopkins et al. 2010; Oser et al. 2010; Feldmann et al. 2010;
Szomoru et al. 2013).
In this paper we focus exclusively on these dense central
regions of massive galaxies: we ask what their number den-
2sity is, what their contribution is to the overall stellar mass
density, and how the galaxies that they are part of were built
up around them. In practice, we select galaxies out to z = 2.5
that have logM1 kpc & 10.5, that is, a stellar mass exceeding
3.2× 1010 M⊙ within a sphere of radius r = 1 kpc.12 We do
not limit the sample to quiescent galaxies but select all ob-
jects that satisfy this stellar density criterion. Our approach is
different from studies of the properties of galaxies at fixed to-
tal stellar mass, or fixed number density. In fact, as we show
in § 4 the evolution of the number density of galaxies with
logM1 kpc > 10.5 is different from that of the general popula-
tion of massive galaxies. Our study is more closely related to
the work of Bezanson et al. (2011) on the evolution of the ve-
locity dispersion function; Bezanson et al. converted observed
effective radii, stellar masses, and Sersic (1968) indices to ve-
locity dispersions whereas we convert the same parameters to
a stellar mass within a physical radius of 1 kpc.
In this paper we do not make any a priori selection on star
formation rate or galaxy size. Nevertheless, this paper has im-
plications for the evolution of massive quiescent galaxies at
z ∼ 2. It is generally thought that these galaxies have grown
substantially in size over the past 10 Gyr, but this interpre-
tation is complicated by the fact that the number density of
quiescent galaxies has increased by an order of magnitude
over this time period (Brammer et al. 2011; Cassata et al.
2013; Muzzin et al. 2013a). As discussed by van Dokkum
et al. (2008), van der Wel et al. (2009), Trujillo et al. (2011),
Newman et al. (2012), Carollo et al. (2013), Szomoru et al.
(2013), and others, the evolution of the mass-size relation of
quiescent galaxies could be partially driven by the continuous
addition of large, recently quenched star-forming galaxies, in
which case the growth of individual quiescent galaxies would
be smaller than that of the population. Some studies have even
suggested that compact quiescent galaxies barely evolve at all
(e.g., Poggianti et al. 2013). As we show in § 4 the evolu-
tion of galaxies with dense cores appears to require substan-
tial evolution in the sizes and masses of individual compact
galaxies after z∼ 2.
The paper is structured as follows. In § 2 we describe the
sources of data that are used. In § 3 the selection of galaxies
with dense cores is described. Sections 4 and 5 form the heart
of the paper. In § 4 the “core mass function” is discussed, that
is, the number of galaxies as a function of their mass within
1 kpc. This section also presents the evolution of the cumu-
lative number density of galaxies with logM1 kpc > 10.5, and
interprets the evolution in the context of various physical pro-
cesses. Finally, it places the total stellar mass locked up in
dense cores in the context of the evolving stellar mass density
of the Universe. In § 5 the properties of galaxies that have
dense cores are analyzed; here we show that the core-hosting
galaxies likely evolved significantly since z ∼ 2, increasing
both their total mass and (particularly) their effective radii.
We also discuss the nature of star forming galaxies with dense
cores. The paper is summarized in § 6.
2. DATA
2.1. The 3D-HST Survey and Catalog
We use the imaging, spectroscopy, and catalogs from the
3D-HST survey (Brammer et al. 2012). 3D-HST is an HST
12 We refer to the region within this radius as the “core” throughout this
paper, realizing that this may cause confusion. The same term has been used
extensively in the literature to describe the surface density profile of early-
type galaxies on much smaller scales (e.g., Faber et al. 1997).
Treasury program that has provided WFC3/G141 grism spec-
troscopy over four of the five extra-galactic fields imaged
by the CANDELS survey (Grogin et al. 2011; Koekemoer
et al. 2011). Including archival data on GOODS-North from
program GO-11600 (PI: Weiner) approximately 80 % of the
CANDELS area is covered by grism observations.
In addition to analyzing the grism spectroscopy, the 3D-
HST project reduced all the CANDELS WFC3 imaging, and
has constructed photometric catalogs in the five CANDELS
fields using publicly available ground- and space-based pho-
tometry from 0.3µm – 8.0µm. This multi-wavelength pho-
tometry aids in the interpretation of the grism spectroscopy
and is obviously valuable in its own right. The complete
CANDELS + 3D-HST datasets in all five CANDELS fields
are included in v4.1 of the catalogs.13 Here we give a brief
description of the 3D-HST data products; the full catalogs are
presented and described in Skelton et al. (2014).
Redshifts were measured from a combination of the U–
IRAC photometric data and the WFC3/G141 grism spectra,
using a modified version of the EAZY code (Brammer, van
Dokkum, & Coppi 2008) as described in Brammer et al.
(2013). Comparisons to ground-based spectroscopic redshifts
suggest an accuracy of 0.003 − 0.005 in ∆z/(1 + z) for galax-
ies with H . 23; this seems to be borne out by stacking anal-
yses of galaxies without a previously measured redshift (see
Whitaker et al. 2013). For faint galaxies, and in areas of the
CANDELS fields that do not have grism coverage, we use
the photometric redshift instead. Structural parameters in J125
and H160 were measured using GALFIT (Peng et al. 2002),
as described in van der Wel et al. (2014). The Sersic (1968)
parameters measured from the 3D-HST mosaics are in excel-
lent agreement with those measured from the CANDELS mo-
saics (van der Wel et al. 2012) for the same objects. Stellar
masses were measured from the photometric data using the
FAST code (Kriek et al. 2009b), assuming a Chabrier (2003)
IMF.
Excluding the areas surrounding bright stars and regions
with little WFC3 exposure time (such as the edge of the field),
the five fields cover a total of 896 arcmin2 in version 4.1
of our catalogs: 192.4 arcmin2 in AEGIS, 183.9 arcmin2 in
COSMOS, 157.8 arcmin2 in GOODS-North, 171.0 arcmin2 in
GOODS-South, and 191.2 arcmin2 in UDS (see Grogin et al.
2011; Skelton et al. 2014, for a detailed description of these
fields).
2.2. The UltraVISTA and “Zürich” Catalogs in the
COSMOS Field
Dense cores are rare and large volumes are required to mea-
sure their number density accurately. As we show in § 4 the
number density of galaxies with log(M1 kpc)> 10.5 is less than
10−4 Mpc−3 at low redshift. The volume probed by the 3D-
HST/CANDELS survey is only 1.7×105 Mpc3 at 0< z< 0.5,
which means of order 10 galaxies can be expected. As this
redshift range covers approximately half of the time elapsed
since z = 2.5, we augment the 3D-HST/CANDELS survey
with the wide-field UltraVISTA survey in the COSMOS field.
We use the deep K-selected catalog of Muzzin et al.
(2013b), which is based on the data described in Mc-
Cracken et al. (2012). The datasets and procedures used by
Muzzin et al. are similar to those used in our analysis of the
CANDELS/3D-HST data. In particular, photometric redshifts
13 http://3dhst.research.yale.edu/Home.html
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and stellar masses were derived using the same software and
assumptions, which means they can be combined with our
higher redshift data. This catalog was matched to the “Zürich
Structure and Morphology” catalog v1.0 (Sargent et al. 2007),
which contains structural parameters of objects in the COS-
MOS field to a limiting magnitude of I = 22.5. Sizes and
Sersic indices were derived from the HST/ACS I814 imaging
in this field (Scoville et al. 2007), using the GIM2D soft-
ware (Simard et al. 2002). The total area that is covered by
both UltraVISTA and ACS is 1.54 degree2, a factor of 6 larger
than the 3D-HST/CANDELS survey. We note that the COS-
MOS objects studied in this paper, galaxies with dense cores
at 0 < z < 0.5, are bright and far removed from the limits of
the data. Also, the I814 images are well matched in rest-frame
wavelength to the J125 and H160 that are used at higher red-
shifts.
2.3. The Sloan Digital Sky Survey
We also make use of a local sample, drawn from the 7th data
release of the Sloan Digital Sky Survey (SDSS). This sample
is described in Bezanson et al. (2013); it is based on struc-
tural parameters measured by Simard et al. (2011) and M/L
ratios from the MPA-JHU catalog (Brinchmann et al. 2004).
The following cuts were applied: keep_flag=1, z_warning=0,
sciencePrimary=1, and a requirement that structural parame-
ters and masses are available from Simard et al. (2011) and
the MPA-JHU catalog respectively.14 An effective area of
8032 degree2 was assumed (see Simard et al. 2011). Unfor-
tunately, we have no direct test to assess whether the SDSS
masses and sizes are on the same system as the 3D-HST data.
There is no evidence to the contrary: as shown in Bezanson
et al. (2013) there are no obvious systematic differences in
sizes or masses between this SDSS sample and the extrapola-
tion to z = 0 of distant galaxy samples analyzed in the same
way as done here.
3. CORE MASSES
3.1. Selection at 0.5 < z < 2.5
The parent sample constitutes all galaxies in the five 3D-
HST/CANDELS fields that have a photometric “use” flag of
1 (see Skelton et al. 2014) and a structural parameter fit flag
of 0 or 1 (see van der Wel et al. 2012, 2014). For all these
galaxies (essentially the entire 3D-HST v4.0 catalog) we cal-
culated the stellar mass that is contained within a radius of
1 kpc. Following Bezanson et al. (2009) we first deprojected
the best-fitting Sersic profile using an Abel Transform:
ρ(x) = bn
pi
I0
re
x1/n−1
∫ ∞
1
exp
(
−bnx1/nt
)
√
t2n − 1
dt, (1)
with ρ the 3D luminosity density in a particular filter, x≡ r/re,
re the circularized effective radius, n the Sersic index, and bn
the n-dependent normalization parameter of the Sersic profile
(see, e.g., Peng et al. 2002). This deprojection is important
as the projected mass within 1 kpc is influenced by the prop-
erties of the galaxy at larger radius. In particular, for a given
density (in M⊙ kpc−3) within a sphere of radius 1 kpc, larger
and more massive galaxies have a higher projected density (in
M⊙ kpc−2). We note that this methodology may lead to errors
14 Bezanson et al. (2013) also required the error in the measured stellar ve-
locity dispersion to be below 10 %. This additional constraint was not applied
here.
for galaxies that are far from spherical symmetry, in particular
for flat disks. We return to this in § 5.3.
Next, the mass within r = 1 kpc was calculated by integrat-
ing the 3D luminosity profiles. A small (typically < 10 %)
correction to the masses was applied to take into account that
the total magnitude in the catalog is not identical to the total
magnitude implied by the Sersic fit (see Taylor et al. 2010).
This same correction was applied to the total masses used in
later Sections. We also assume that mass follows light. This
assumption is probably reasonable in a relative sense, as there
is no evidence that color gradients (and hence M/L gradients)
are a strong function of redshift (see Szomoru et al. 2013).
Combining all these aspects, the core mass is given by
M1 kpc =
∫ 1 kpc
0 ρ(r)r2dr∫∞
0 ρ(r)r2dr
Lmodel
Lcat
Mcat. (2)
Here, Mcat is the mass of the galaxy in the 3D-HST catalog,
Lcat is the total, aperture-corrected luminosity of the galaxy in
a particular filter in the 3D-HST catalog, and Lmodel is the total
luminosity implied by the Sersic fit.
Finally, the measurements for M1 kpc derived from the J125
fit and from the H160 fit were interpolated so that the final
value corresponds to a rest-frame wavelength of 6000 Å for
z = 1.0 − 1.7. At z < 1 we use J125 and at z > 1.7 we use
H160. We note that this interpolation is not a critical step: the
effect on the derived masses is typically < 5 %, and using the
core mass derived from either J125 or H160 throughout does
not change the results significantly.
The difference between total mass and core mass is illus-
trated in Fig. 1. The figure shows H160 images of three galax-
ies at z ∼ 1, along with a graphical representation of their
surface density. The galaxy on the left is a massive ellipti-
cal galaxy with a dense core. Not all massive galaxies have
a high central density: the middle galaxy has a mass that is
nearly identical to the galaxy on the left and a relatively low
mass core. The galaxy on the right is an example of a galaxy
whose total mass is only slightly higher than its core mass;
this galaxy resembles the compact quiescent galaxies that are
relatively common at high redshift. The galaxies on the left
and right are included in our logM1 kpc > 10.5 sample (see
§ 4), and the galaxy in the middle is not.
We note here that we do not measure the (deprojected) light
in the central regions directly, but use the best-fitting Sersic
profiles as a proxy for the light at r < 1 kpc. The central kpc
covers∼ 12 drizzled WFC3 pixels, and we could have used a
direct measurement of the flux within this aperture. Using the
Sersic fits instead takes the effects of the PSF into account,
and enables the deprojection described above. As described
in van der Wel et al. (2012, 2014) these fits are stable even for
galaxies with re ∼ 1 kpc; the total uncertainties in n and re are
< 20 % and < 10 % respectively, for H160 < 23 (see van der
Wel et al. 2012). However, it is possible that our results are
affected by (large) galaxies whose surface brightness profiles
deviate strongly from a Sersic profile.
3.2. Low Redshift Samples
The procedures followed for the UltraVISTA/Zürich galax-
ies at 0 < z < 0.5 and for the SDSS galaxies at z≈ 0.06 were
similar to those described above. The only difference in pro-
cedure is that the UltraVISTA masses were not corrected for
the difference between total catalog magnitudes and the total
fluxes implied by the GIM2D fit. In Appendix A we com-
pare the UltraVISTA masses to the 3D-HST masses for ob-
4Figure 1. Illustration of the distinction between central mass and total mass. The panels show HST/WFC3 H160 images of three galaxies at
z ∼ 1; each panel spans 30 kpc× 30 kpc. The galaxy on the left has a high total mass and a high core mass; the middle galaxy has a high total
mass but a low core mass; and the galaxy on the right is compact with a relatively low total mass and a high core mass.
jects that are in both catalogs. A redshift-dependent offset
was applied to the UltraVISTA masses so they are consistent
with the 3D-HST masses. The origin of this offset is not un-
derstood; we conservatively increase the formal uncertainty in
the UltraVISTA masses by the same amount so that an offset
of zero, or of twice the applied offset, are within the 1σ er-
rorbars in all plots. After applying this offset the core masses
derived from UltraVISTA/Zürich are consistent with those de-
rived from 3D-HST to 0.00± 0.02 dex (see § A).
3.3. Relation Between Total Mass and Core Mass
In Fig. 2 we show the relation between the total mass of
galaxies and the mass within 1 kpc in six redshift bins from z =
0 to z = 2.5. All galaxies are shown; there was no selection on
star formation rate or any other property. The 3D-HST catalog
is 90 % – 95 % complete for masses > 1010 M⊙ out to z = 2.5
(van der Wel et al. 2014).15 It is clear from this figure that
the central mass is not a fixed fraction of the total mass: the
68 % range in log(Mtot) at fixed log(M1 kpc) is approximately
0.5 dex. A selection on core mass is therefore distinct from a
selection on total mass (see also, e.g., Kauffmann et al. 2003;
Franx et al. 2008).
Starting with the SDSS sample and going to higher red-
shifts, the distribution of points shifts and tilts such that at
fixed total mass galaxies have higher core masses at higher
redshifts. The dashed line shows the line of equality: objects
15 The completeness gradually decreases at higher redshifts, partially be-
cause the 4000 Å break enters the observed WFC3 H160 filter.
near this line are so compact that they have close to 100 %
of their mass in the central kpc. At low redshift nearly all
galaxies are far removed from this regime, particularly at the
high mass end. However, at z > 1.5 the distribution begins
to approach this line, with the most pronounced change at the
highest masses. The galaxies are color-coded by their pro-
jected circularized effective radius. As is well known, massive
galaxies with small sizes are extremely rare in the nearby Uni-
verse (Taylor et al. 2009; Trujillo et al. 2009). Mirroring the
trend between core mass and total mass, and consistent with
many previous studies (e.g., Daddi et al. 2005; van Dokkum
et al. 2008), we see that such galaxies are increasingly com-
mon at higher redshifts.
4. NUMBER DENSITIES
4.1. The “Core Mass Function”
In the remainder of the paper we select objects using the
x−axis of Fig. 2 and ask what the properties are of galax-
ies at fixed core mass rather than fixed total mass. We first
consider the number density of galaxies as a function of their
mass within 1 kpc, the “core mass function”. This function is
shown in Fig. 3 for the same six redshift intervals as in Fig.
2. For reference, the SDSS core mass function (panel a) is
shown in panels b–f with a dashed line.
The core mass function evolves with redshift in a complex
way. Going from low to high redshift, low mass cores de-
crease strongly in number density: the number of cores with
log(M1 kpc) = 10 is a factor of ∼ 6 lower at z = 2 − 2.5 than it
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Figure 2. Relation between total stellar mass and the stellar mass in a sphere of radius 1 kpc. The panels show nearby galaxies from the Sloan
Digital Sky Survey (a), galaxies at moderate redshift from the UltraVISTA and “Zürich” surveys of the 1.5 degree2 COSMOS field (b), and
distant galaxies from the 3D-HST survey of the CANDELS fields (c-f). The galaxies are color-coded by their projected, circularized effective
radius. At fixed total mass, galaxies have progressively smaller sizes and higher core masses at higher redshifts.
is at z = 0. By contrast, the number of high mass cores ap-
parently increases with redshift. The high mass end of the
z = 2 − 2.5 core mass function is shifted by ≈ 0.2 dex in mass
compared to that at z = 0.06. Because of the steepness of the
mass function, the number of cores with log(M1 kpc) = 10.7
increases by more than an order of magnitude from z = 0 to
z = 2.5. In Appendix B we show that random errors do not
significantly influence this result.
This evolution is similar to the evolution of the (inferred)
velocity dispersion function (Bezanson et al. 2011): this func-
tion shows a similar differential evolution of high dispersion
and low dispersion galaxies, at least from z = 0.3 to z = 1.5.
This is obviously not a completely independent measurement:
as the velocity dispersions and central masses are both, to first
order, measures of the compactness of galaxies they are ex-
pected to trace one another.
4.2. Evolution of the Cumulative Number Density of
Massive Cores
We show the evolution of the number density of galaxies
with a central mass log(M1 kpc) > 10.5 in Fig. 4. The error-
bars reflect the quadratic sum of the Poisson error and a sys-
tematic error, calculated by varying the masses of the galax-
ies by ±0.05 dex in 3D-HST, ±0.09 dex in UltraVISTA, and
±0.1 dex in SDSS. The SDSS error reflects the systematic
uncertainty compared to the 3D-HST masses; in this paper
the 3D-HST “system” is taken as the default. The value of
0.09 dex is the offset that was applied to bring the UltraV-
ISTA data onto the 3D-HST system (see § A). The evolution
can be approximated by the solid line, which has the form
log(Φ) = (−4.9± 0.2) + (1.5±0.5) log(1 + z). (3)
This increase in the number density of dense cores with red-
shift is remarkable, as it is well established that the mass den-
sity of the Universe decreases rapidly over this same redshift
range (e.g., Dickinson et al. 2003; Rudnick et al. 2003).
Although massive galaxies evolve less rapidly than the over-
all population (Marchesini et al. 2009), even their number
density does not increase with redshift. We explicitly com-
pare the evolution of dense cores to the evolution of massive
galaxies with log(Mtot) > 11 in Fig. 4, showing both our data
(open circles) and number densities of massive galaxies de-
rived from the NEWFIRM Medium Band Survey by Brammer
et al. (2011) (open squares). At z ∼ 2, the number density of
massive cores is only about a factor of 2 lower than that of
massive galaxies. At z ∼ 0, the number density is a factor of
100 lower. The striking difference in the evolution of massive
galaxies and massive cores in Fig. 4 strongly suggests that Eq.
3 is not driven by mass errors, as errors in the masses should
affect the open circles in the same way as the solid circles. In
Appendix C we also show that field-to-field variation (“cos-
mic variance”) is not dominating the error budget.
6Figure 3. Evolution of the core mass function, i.e., the number of galaxies as a function of their mass within 1 kpc. Panels show data from the
SDSS (a), UltraVISTA/Zürich (b), and 3D-HST (c-f). The SDSS function is repeated in the other panels (broken lines). The shape of the core
mass function changes with redshift: the number of low mass cores decreases with redshift, whereas the number of high mass cores increases.
We note that there are indications of a similar effect in
previous studies. The evolution of the velocity dispersion
function from z = 0.3 to z = 1.5 is consistent with our results
(Bezanson et al. 2011), and van de Sande et al. (2013) find
that, at constant dynamical mass, the central (< 1 kpc) stellar
density of quiescent galaxies at z∼ 2 is a factor of ∼ 3 higher
than at z = 0.
4.3. Effects of Mergers on the Number Density
Setting aside the possibility of errors in the masses or the
structural parameters, there are several plausible explanations
for the observed evolution in Fig. 4. We first consider the ef-
fects of mergers. Major mergers can increase the core mass,
either through dissipationless processes (e.g., Hilz, Naab,
& Ostriker 2013) or through merger-induced star formation
(Solomon, Downes, & Radford 1992; Kormendy & Sanders
1992; Hopkins et al. 2008, and many other studies). The most
straightforward way to decrease the number density of galax-
ies with log(M1 kpc) > 10.5 is if two galaxies with such dense
cores merge with each other.
We determined the number of potential core-core mergers
in the 3D-HST survey, using the same criteria as Williams,
Quadri, & Franx (2011) to identify paired galaxies. In the
entire 3D-HST/CANDELS area we find three galaxy pairs
with a projected distance d < 43 kpc, a redshift difference
|z1 − z2|/(1 + z1) < 0.2, and log(M1 kpc) > 10.5 for both galax-
ies. The pairs are at z ≈ 1.7, z ≈ 2.0, and z ≈ 2.3; images
are shown in Appendix D. The individual galaxies are well-
separated; no tidal features are detected. Interestingly all three
pairs are red and in apparent overdensities of other red ob-
Figure 4. Evolution of the number density of galaxies that have dense
cores with log(M1 kpc) > 10.5 (solid black circles). The number of
dense cores was higher in the past. The line is a fit to the data. Open
symbols show the evolution of massive galaxies with log(Mtot) > 11,
from this paper (black circles) and from Brammer et al. (2011) (grey
squares). The number density of massive galaxies decreases with
redshift, and evolves in a very different way than the number density
of dense cores.
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jects; we will return to this in a future paper.
The pair fraction is defined as the number of pairs divided
by the number of galaxies in the parent population. The total
number of galaxies with log(M1 kpc) > 10.5 is 273, and we in-
fer that the pair fraction is 1.1±0.6 %. This is a factor of ∼ 5
lower than the pair fraction in the general population of mas-
sive galaxies (Bell et al. 2006; Bundy et al. 2009; Williams
et al. 2011). Specifically, Williams et al. (2011) find a pair
fraction of 6± 1 % when requiring that the paired galaxies
have masses that are within a factor of four of one another
and the most massive galaxy has logMtot > 10.5.
Turning pair fractions into merger rates is notoriously dif-
ficult, as it depends on the fraction of pairs that is physically
bound and the average time it takes for bound pairs to merge
(e.g., Bell et al. 2006; Kitzbichler & White 2008). Neverthe-
less, it is clear that a pair fraction of 1 % implies a low core-
core merger rate. The separation of the three pairs is∼ 30 kpc.
Taking the orbital time as a lower limit on the merger time
scale and assuming v∼ 500 km s−1, we find that the pairs may
merge after∼ 200 Myr. The actual merger time scale (includ-
ing a correction for unbound pairs) is probably significantly
larger (see Kitzbichler & White 2008). Using a pair fraction
of 1 % we derive an upper limit on the merger rate of ∼ 5 %
per Gyr. We note that if we use a distance limit of 100 kpc
rather than 43 kpc we find a higher pair fraction (of ∼ 2 %)
but a similar merger rate, as the orbital time is longer for pairs
with wider separation. We infer that the decline in the number
density of galaxies with massive cores is probably not caused
by major mergers between galaxies with dense cores.
As the direct effect of core-core merging on the number
density is probably small, the observed evolution of the core
mass function is most likely a reflection of mass evolution
in the central kpc (or of systematic errors). As can be seen
in Fig. 3 mass evolution of −0.15 to −0.2 dex is sufficient
to bring the low redshift and high redshift core mass func-
tions into agreement. This mass evolution may be the result
of a redistribution of matter following a merger (e.g., El-Zant,
Kim, & Kamionkowski 2004; Oser et al. 2012). Mergers are
thought to be common, particularly at redshifts 0 < z < 1.5
(e.g., van Dokkum 2005; Naab et al. 2009; Newman et al.
2012, Bluck et al. 2012, and § 5). The central regions of galax-
ies are thought to be mostly unaffected by minor mergers (see,
e.g., Fig. 3 in Hilz et al. 2013). This is also suggested by the
results of Weinmann et al. (2013), who have shown that the
number density of dark matter halos with fixed high central
density is constant to within∼ 0.2 dex at 0< z< 4. We stress,
however, that the quantitative effects of mergers on the mass
profile within 1 kpc are not well known.
4.4. Effects of Stellar Winds
As is well known “negative” mass evolution is expected
(and inevitable) in an isolated stellar population: the mass
locked up in stars and stellar remnants decreases with time
due to supernova explosions and stellar winds. The amount
of mass loss is a strong function of the mass and surface grav-
ity of the stars that are present in the population, and therefore
a strong function of both the age and the IMF.
Previous studies have considered the effects of mass loss on
the evolution of the mass-size relation, particularly in the con-
text of the size growth of quiescent galaxies (Damjanov et al.
2009). As mass loss leads to adiabatic expansion, passively
evolving galaxies become both less massive and larger with
time; however, these effects are small compared to the ob-
served evolution of the sizes and masses of quiescent galax-
ies (Damjanov et al. 2009; Bezanson et al. 2009; Ragone-
Figueroa & Granato 2011).
Here we are concerned with a slightly different question,
namely the effect on the mass contained within a sphere of 1
kpc. The mass within a fixed radius is affected by stellar mass
loss in two ways. The first, direct, effect is that the stellar
mass measurements of galaxies at later times will be lower, as
they only include living stars and stellar remnants and not the
mass that is lost during stellar evolution. The second effect is
that the matter in galaxies can be redistributed as a result of
adiabatic expansion. This effect is only important if the ma-
terial in the winds mixes with the hot halo gas, which in turn
depends on the details of the interaction of the wind material
with the ambient gas (e.g., Bregman & Parriott 2009, Conroy
et al. 2014). We show in Appendix E that the total effect of
stellar mass loss is
(M′/M)1 kpc ∼ (M′/M)1.8tot , (4)
with (M′/M)tot the change in the total mass and (M′/M)1 kpc
the change in mass in the central kpc. The relation in Eq. 4
assumes that all the material escapes and there are no other
sources of mass loss than stellar evolution. If no material es-
capes, Eq. 4 is simply (M′/M)1 kpc ∼ (M′/Mtot.
The change in the total mass due to stellar evolution can be
estimated using stellar population synthesis models. The main
uncertainty is the age of the stars, with the added complexity
that the ages in the central kpc can be different from the ages
at larger radii. We consider two mean formation redshifts of
the stars, z∗ = 2.5 and z∗ = 5, and two IMFs, a Milky-Way like
Kroupa (2001) IMF and a bottom-heavy Salpeter (1955) IMF.
The top panel of Fig. 5 shows the mass evolution of a pas-
sively evolving stellar population for the four model combina-
tions, determined using the Bruzual & Charlot (2003) stellar
population synthesis model. At late times the mass loss is ap-
proximately 30 % for a Salpeter IMF and 50 % for a Kroupa
IMF. The relative mass loss from z = 2.5 to z = 0 depends on
the combination of the IMF and the formation redshift of the
stars. In Fig. 5b we show the effect on the mass within 1 kpc,
relative to z = 2.2 (our highest redshift bin). The minimum ef-
fect of mass loss is ≈ 0.06 dex (for z∗ = 5 and a bottom-heavy
IMF) and the maximum effect is ≈ 0.22 dex (for z∗ = 2.5 and
a bottom-light IMF).
In Fig. 5c we show the effect of mass loss on the evolution
of the number density of dense cores. We adapted the selec-
tion of galaxies, so that we select cores of lower mass at lower
redshift. This redshift dependence is given by the relation
∆ log(M1 kpc) = 0.06× z (solid black line in Fig. 5b), which
is a linear fit to the mass loss expected for a Salpeter (1955)
IMF with z∗ = 2.5. This is also a good fit to the mass loss for
a Kroupa (2001) IMF with z∗ = 5, but it is lower than the mass
loss expected for a Kroupa (2001) IMF with z∗ = 2.5 (see Fig.
5b). The solid points in Fig. 5c show the number density of
galaxies that have log(M1 kpc) > 10.5 + 0.06× (z − 2.2). The
errorbars reflect the systematic uncertainties in the masses, as
before. We find that the data are now consistent with a con-
stant number density since z = 2.5, within the uncertainties.
The weighted mean number density is Φ≈ 7× 10−5 Mpc−3.
We conclude that the mass evolution in the central kpc can
be explained with a passively evolving population formed at
z> 2.5, under the assumption that 100 % of the mass lost dur-
ing stellar evolution mixes with the hot halo gas. In reality,
the central mass decrease probably reflects a combination of
the effects of mergers and mass loss, and it will be difficult to
8Figure 5. a) Stellar mass evolution of a passively evolving stellar
population. The mass decreases with time, mostly due to winds from
AGB and post-AGB stars. Mass loss is largest for young stellar pop-
ulations and bottom-light IMFs. b) Evolution of the mass within 1
kpc. The evolution is stronger than in panel a) due to the effects of
adiabatic expansion, under the assumption that the stellar ejecta tur-
bulently mix with the ambient hot gas. The black line is a linear fit
to the z∗ = 2.5 Salpeter model, of the form ∆ log(M1 kpc) = 0.06z. c)
The number density of dense cores, after correcting the core masses
for stellar mass loss according to the black line in panel b). The data
are consistent with a constant number density of ∼ 7× 10−5 Mpc−3
(dashed line).
disentangle these effects.
4.5. Other Explanations
We briefly consider several other explanations for the ap-
parent negative evolution of the number density of dense
cores. One possibility is that the structure of galaxies changes
in such a way that the deprojected core masses change system-
atically with redshift. Specifically, in the deprojection we use
the circularized effective radius and if the mean flattening of
galaxies changes with redshift this may lead to artifical offsets
between the high redshift and low redshift data. In Appendix
F we show the core mass function derived using the major
axis effective radius rather than the circularized effective ra-
dius. The function is offset to lower masses, as expected, but
there is no significant redshift-dependent effect.
Another interesting possibility is that the mass in the cores
decreases due to scouring by binary supermassive black holes.
The presence of flat density profiles in the centers of massive,
slowly rotating elliptical galaxies16 (Faber et al. 1997) has
been attributed to the ejection of stars by a binary black hole
(see, e.g., Begelman, Blandford, & Rees 1980; Milosavlje-
vic´ & Merritt 2001; Kormendy & Bender 2009; Hopkins &
Hernquist 2010). The total amount of mass that is ejected is
of order Mej ∼M• (e.g., Milosavljevic´ & Merritt 2001). Our
adopted core mass limit of 3× 1010 M⊙ within 1 kpc corre-
sponds to a velocity dispersion of σ ∼ 280 km s−1, which in
turn corresponds to a black hole mass of M• ∼ 5× 108 M⊙
(Gültekin et al. 2009). The ratio of the black hole mass to the
stellar mass within 1 kpc is therefore∼ 2 %. Even taking adi-
abatic expansion into account, we infer that the stellar mass
within 1 kpc is only reduced by 0.01 – 0.02 dex due to black
hole scouring, unless Mej ≫ M• (see Hopkins & Hernquist
2010, for a recent discussion on this topic).
Perhaps the most important alternative explanation is sys-
tematic error. A redshift-dependent error in the stellar masses
of 0.05 − 0.1 dex per unit redshift could fully explain the evo-
lution. Combined with the (inevitable) effects of mass loss,
the (small) effects of black hole scouring, and the (uncertain)
effects of merging, we conclude that the uncertainties allow a
factor of ∼ 2 evolution in the number density, in either direc-
tion.
4.6. Contribution of Stars in Dense Cores to the Stellar
Mass Density of the Universe
As discussed in the Introduction, the dense cores studied in
this paper are extreme environments by local Universe stan-
dards. They contain only a small fraction of the total stellar
mass in the Universe, and as we showed in Fig. 4 the number
density of galaxies with logM1 kpc > 10.5 is a factor of ∼ 100
lower than that of galaxies with logMtot > 11.
However, the fact that their number density and mass does
not increase with time, and probably even decreases, means
dense cores are an increasingly important environment at
higher redshift. Going back in time from the present to
z∼ 2.5, we see galaxies such as the Milky Way “lose”∼ 90 %
of their stars (van Dokkum et al. 2013) whereas the dense
cores become ever more prominent and striking: their mass
increases and the galaxies in which they are embedded today
are stripped away (see § 5).
Figure 6a shows the integrated stellar mass in cores of mass
log(M1 kpc) > 10.5 as a function of redshift. This is not the
total stellar mass of all galaxies hosting such cores: only stars
within the central 1 kpc are counted. The stellar mass density
rises steeply with redshift, reflecting the increase in the num-
ber density shown in Fig. 4. Figure 6a also shows the stellar
mass density of the Universe, taken from Table 2 of Muzzin
et al. (2013a). Muzzin et al. calculated these mass densi-
ties by integrating the best-fitting Schechter functions down to
108 M⊙. We added 0.1 dex in quadrature to the uncertainties
listed in Muzzin et al. (2013a) to account for possible system-
atic differences between 3D-HST and UltraVISTA (see Ap-
pendix A). The stellar mass density of the Universe decreases
with redshift, and the stars living in dense cores make up a
rapidly increasing fraction of the total stellar mass density.
16 Also termed “cores”; see Footnote 12.
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Figure 6. a) Total stellar mass contained in cores with log(M1 kpc) > 10.5, as a function of redshift (solid circles). Open circles show the total
stellar mass density of the Universe, as determined by Muzzin et al. (2013a). A Kroupa (2001) IMF was assumed, for the cores and for the
Universe. b) Fraction of the total stellar mass density of the Universe that is contained in cores with log(M1 kpc) > 10.5. Open symbols assume
a universal IMF, solid symbols (slightly offset for clarity) assume that the stellar mass function in dense cores has a factor of two more mass
than that in the rest of the Universe, as might be expected if the IMF in star-forming cores was bottom-heavy (Conroy & van Dokkum 2012).
Stars in dense cores comprise 10 % – 20 % of the stellar mass density at z > 2, and reflect an important mode of star- and galaxy formation in
the early Universe.
In Fig. 6b we show this fraction explicitly. It rises from
∼ 0.1 % at z = 0 to ∼ 10 % at z = 2. The fraction is even
higher if the IMF is bottom-heavy in dense regions, as has
been inferred from studies of absorption lines and the masses
of nearby galaxies (e.g., van Dokkum & Conroy 2010; Treu
et al. 2010; Cappellari et al. 2012; Conroy & van Dokkum
2012). Somewhat dependent on the detailed functional form
of the IMF, Conroy & van Dokkum (2012) find that galaxies
with high velocity dispersions have stellar masses that are a
factor of ∼ 2 higher than would be inferred from a Kroupa
(2001) IMF. The solid points in Fig. 6b indicate the effect of
such IMF variation. The line is a fit to the solid points of the
form
f = 1.4× 10−3× (1 + z)4.2, (5)
with f the fraction of the total stellar mass density in the Uni-
verse that is locked up in dense cores. The implication is that
the stars in dense cores may constitute ∼ 20 % of the total
stellar mass density at z = 2.2. Phrased differently,∼ 20 % of
all the stars formed at z & 2.5 may have ended up in dense
cores.
5. BUILD-UP OF GALAXIES AROUND DENSE CORES
5.1. Evolution of Total Mass and Effective Radius
We now turn to the properties of the galaxies in which the
dense cores reside. The fact that the number density of galax-
ies with dense cores is relatively stable with time has an im-
portant implication: it means that we can plausibly identify
the descendants of high redshift galaxies with dense cores. In
the general population of massive galaxies the number den-
sity at fixed mass increases with time, and as different galax-
ies can have different growth rates there is an inherent uncer-
tainty in linking progenitors and descendants (e.g., Newman
et al. 2012; Leja, van Dokkum, & Franx 2013). In contrast,
galaxies with dense cores are consistent with having a passive
stellar population in their central 1 kpc, enabling, in principal,
a one-to-one matching of galaxies across cosmic time.
In practice processes such as mergers, stellar winds, occa-
sional star formation, and black hole scouring make this com-
parison less straightforward (see § 4.3 – 4.5). Here we take
mass loss due to stellar winds into account but ignore all other
effects, including possible systematic errors. We use the black
solid line in Fig. 5b to parameterize mass loss:
log(Mevo1 kpc) [M⊙] = 10.37 + 0.06z. (6)
As discussed in § 4.4 this parameterization is a linear fit to the
mass loss expected for a Salpeter (1955) IMF with z∗ = 2.5.
We measure the build-up of massive galaxies around their
dense cores by selecting galaxies in a narrow mass bin cen-
tered on this evolving mass.
Figure 7(a) shows the total masses of galaxies with a core
mass log(M1 kpc) = log(Mevo1 kpc)± 0.05. The total masses in-
crease with time, despite the fact that we selected the galaxies
to have a central mass that decreases with time. The total mass
evolves as
log(Mtot) [M⊙] = (11.21± 0.04) − (0.70±0.08) log(1 + z),
(7)
with the errors determined from bootstrap resampling. This
fit is indicated by the solid line in Fig. 7(a). The evo-
lution is slightly faster if we correct for stellar mass loss.
As (M′/M)tot ∼ (M′/M1 kpc)0.6 this correction ∆ log(Mtot) ≈
0.6×0.06z≈ 0.04z. The mass evolution is then log(Mtot,cor)≈
11.30 − 0.87log(1 + z). Going to higher redshifts, dense cores
make up an increasing fraction of the total mass of the galax-
ies that they are part of: at z = 0 their contribution is ≈ 15 %
and at z = 2.5 it is ≈ 50 %.
The evolution of the projected, circularized half-light radius
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Figure 7. Left panel: Total stellar mass of galaxies that have a core mass log(M1 kpc) = (10.37 + 0.06z)± 0.05. Black symbols show the means
for SDSS (z = 0.06), UltraVISTA/Zürich (z = 0 − 0.5), and 3D-HST (z = 0.5 − 2.5). The mean mass evolves as Mtot ∝ (1 + z)−0.7. Dense cores
make up ∼ 50 % of the total mass at z = 2.5 and ∼ 15 % at z = 0. Right panel: Effective radii of galaxies with dense cores. The effective radius
evolves as re ∝ (1 + z)−1.4.
is shown in panel (b) of Fig. 7. There is strong evolution,
such that galaxies with dense cores are more compact at high
redshift than at low redshift. The evolution can be described
by
log(re) [kpc] = (0.73± 0.06) − (1.40±0.11)log(1 + z). (8)
The increase in the effective radius is partly caused by adi-
abatic expansion as a result of mass loss. Using Eq. E1 we
estimate that the expansion ∆ log(re) ∼ 0.04z, and the cor-
rected evolution is log(re)≈ 0.64 − 1.23log(1 + z). The effects
of adiabatic expansion are not negligible but small compared
to the observed evolution, as previously discussed by Dam-
janov et al. (2009) in the context of the evolution of the mass
– size relation. Note that these corrections assume that mass
loss is separable from the processes that cause the increase in
the total mass and the effective radius.
We conclude that the average mass and size of galaxies with
high core masses evolves with redshift. At high redshift these
galaxies are typically compact, with half-light radii of∼ 1 kpc
and about half of the total mass contained in the core. At z = 0
they are embedded in a large envelope of stars and have ef-
fective radii of ∼ 5 kpc. These conclusions apply to the popu-
lation of galaxies that have a massive core, and (as discussed
at the beginning of this Section) probably also describe the
mean evolution of individual galaxies. The cores can then be
interpreted as “seeds” around which massive galaxies assem-
ble over time. From z = 2.5 to z = 0, the masses of galaxies
with dense cores increase by a factor of ∼ 2.4 and their sizes
increase by a factor of ∼ 6. These results are similar to those
derived using number density matching techniques (e.g., van
Dokkum et al. 2010; Patel et al. 2013).
5.2. Stellar Populations
Galaxies with dense cores have low star formation rates
compared to other galaxies with the same total mass and red-
shift. In the top panels of Fig. 8 we show the location of the
galaxies with dense cores in the UVJ diagram (Labbé et al.
2005; Wuyts et al. 2007; Whitaker et al. 2011). At fixed rest-
frame U − V color quiescent galaxies can be separated from
dust-reddened star-forming galaxies by their V − J color (see
Wuyts et al. 2007). The formal errors in Fig. 8 are small,
although we note that 1) the colors of galaxies near the ex-
tremes of the distribution are influenced by the color range
of the EAZY templates, and 2) the location of the boundary
between star-forming and quiescent galaxies is somewhat ar-
bitrary. The colors of the galaxies suggest that their rest-frame
optical light is dominated by relatively evolved stars, and not
by a (reddened) young stellar population. The fraction of qui-
escent galaxies is > 80 % out to z = 2 and 57 % at 2< z < 2.5.
The dominance of relatively cool stars in these galaxies is
demonstrated directly in the bottom panels of Fig. 8, where we
show stacked rest-frame SEDs and WFC3 grism spectra of the
galaxies. The spectral stacks were created by de-redshifting
the observed data, normalizing in a fixed rest-frame wave-
length interval from 4100 Å – 4150 Å, and averaging. The
SED stacks were created in the same way, except that we plot
the individual data points rather than an average in wavelength
bins. In all redshift bins the Balmer/4000 Å break is clearly
detected in the stacked SED and/or the stacked spectrum. The
stacked spectra also unambiguously demonstrate that the rest-
frame optical emission (and therefore the size and mass mea-
surements) is not greatly influenced by redshift errors or AGN
emission (see also Whitaker et al. 2013).
In Fig. 9 we show the correlation between core mass and
quiescence, for all galaxies with total masses > 1011 M⊙. The
main panel of Fig. 9 shows the core mass as a function of red-
shift, with galaxies color-coded by their location in the UVJ
diagram. It is striking how well core mass correlates with star
formation rate (or, more precisely, with the location in the
UVJ diagram). The top panel shows the fraction of quiescent
and star forming galaxies as a function of core mass. Essen-
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Figure 8. Top panels: Location of galaxies with log(M1 kpc) = (10.37 + 0.06z)± 0.05 in the rest-frame UV J plane. Out to z = 2 more than 80 %
of the galaxies have colors indicating evolved stellar populations. The galaxies are among the reddest quiescent galaxies in the local Universe.
At higher redshifts there is a significant population of star forming galaxies with dense cores. Bottom panels: Stacked SEDs (grey points) and
WFC3 grism spectra (black lines) of the galaxies. The galaxies have strong Balmer/4000 Å breaks, confirming that their light is dominated by
cool stars.
tially all galaxies that lack a dense core are forming stars, and
the majority of galaxies that have a dense core is quiescent.
This result is consistent with the fact that high stellar den-
sity is an excellent predictor of quiescence (e.g., Franx et al.
2008).
5.3. Star Forming Galaxies with Dense Cores
Although most galaxies with dense cores are quiescent,
there are some that fall in the star forming region of the UVJ
diagram. Many of these are red in both U −V and V − J, in-
dicating significant absorption by dust (Labbé et al. 2005;
Wuyts et al. 2007; Marchesini et al. 2014). The fraction of
star forming galaxies with dense cores is as high as∼ 40 % at
z > 2 (top right panel of Fig. 8). This is consistent with many
previous studies that have shown that massive star-forming
galaxies exist at these redshifts (e.g., Förster Schreiber et al.
2006; Kriek et al. 2009a; Förster Schreiber et al. 2011;
Williams et al. 2010; van Dokkum et al. 2010; Brammer et al.
2011; Marchesini et al. 2014), and with the fact that some of
these galaxies have small sizes (e.g., Patel et al. 2013; Barro
et al. 2013).
The presence of star-forming galaxies with a high central
density does not necessarily mean that we are witnessing the
build-up of the dense cores themselves. Significant star for-
mation in the cores would lead to an increase in the core mass,
and an increase in the number density of galaxies with dense
cores with time – which may be difficult to reconcile with
Figures 4 and 5.
Instead, many of these star forming galaxies could be build-
ing mass outside of their centers. As shown in Fig. 10, z > 2
star-forming galaxies with dense cores have a median size that
is a factor of∼ 2 larger than that of quiescent galaxies with the
same central mass and redshift, which means they are prob-
ably not their direct progenitors. Furthermore, for the star-
forming galaxies the central 1 kpc contributes only ∼ 25 % of
the total mass, which means it is plausible that these galaxies
are building up their outer parts rather than their centers. This
is qualitatively consistent with other studies of distant galax-
ies (e.g., Labbé et al. 2003; Nelson et al. 2012, 2013; Wuyts
et al. 2013; Genzel et al. 2013) and the properties of spiral
galaxies in the local Universe.
5.4. The Fate of Compact Quiescent Galaxies at z∼ 2
The strong mass and size evolution we find for galaxies
with dense cores has implications for the evolution of the
general population of quiescent galaxies. Many studies have
shown that quiescent galaxies with masses of ∼ 1011 M⊙ are
very compact at z & 2, having half-light radii of ∼ 1 kpc (e.g.,
van Dokkum et al. 2008; Cimatti et al. 2008; van der Wel
et al. 2014). Most of these compact quiescent galaxies should
have a dense core according to our definition, as galaxies with
a projected half-light radius of ∼ 1 kpc have M1 kpc ∼ 0.5Mtot.
The median circularized effective radius of the 31 quies-
cent galaxies with 10.9 < logMtot < 11.1 and 2 < z < 2.5 is
re = 1.2 kpc, consistent with earlier results. The median core
mass of these galaxies logM1 kpc = 10.6, with an rms scatter of
0.2 dex. Conversely, the median effective radius of galaxies
with 10.4 < logM1 kpc < 10.6 and 2 < z < 2.5 is re = 1.0 kpc,
their median total mass logMtot = 10.9, and 60 % of these
galaxies are quiescent. We conclude that, at z = 2−2.5, there is
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Figure 9. Relation between star formation and core mass, for galaxies
with total mass Mtot > 1011 M⊙. Blue points are galaxies that fall in
the star-forming part of the UV J diagram; red points are galaxies
that fall in the quiescent part. The black line shows our adopted core
mass limit (Eq. 6). The top panel shows the fractions of quiescent
and star forming galaxies as a function of core mass. At fixed total
mass there is a clear relation between core mass and star formation,
and a high core mass seems to be required to stop star formation.
substantial overlap between the population of massive quies-
cent galaxies and the population of galaxies with dense cores
(see Fig. 2).
As we have shown that 1) the number density of galaxies
with dense cores does not increase with time; 2) the half-light
radii and total masses of galaxies with dense cores grow with
time; and 3) the population of galaxies with dense cores over-
laps substantially with the population of massive quiescent
galaxies at z ∼ 2, compact quiescent galaxies likely grow in
size and mass at approximately the same rate as the galaxies
with dense cores. This result is consistent with many previ-
ous theoretical and observational studies (e.g., Loeb & Pee-
bles 2003; Bezanson et al. 2009; Naab et al. 2009; Hopkins
et al. 2010; van Dokkum et al. 2010; Oser et al. 2010; Trujillo
et al. 2011; Newman et al. 2012; Patel et al. 2013; Szomoru
et al. 2013; Hilz et al. 2013). It is also consistent with Belli,
Newman, & Ellis (2013), who made a similar argument based
on the structural evolution of galaxies at constant velocity dis-
persion. It is in conflict with studies that have suggested that
massive quiescent galaxies evolve very little since z∼ 2 (Car-
ollo et al. 2013; Poggianti et al. 2013), and that the apparent
evolution is largely or entirely due to the continuous addition
Figure 10. The contribution of the central mass to the total galaxy
mass as a function of the projected half-light radius, for 2 < z < 2.5
and log(M1 kpc) = 10.5. Red symbols are quiescent galaxies according
to the UVJ diagram; blue symbols are star-forming galaxies. Star-
forming galaxies are larger than quiescent galaxies at fixed central
mass and redshift, and their cores constitute a smaller fraction of the
total galaxy mass.
of recently quenched galaxies to the sample.17
6. SUMMARY AND CONCLUSIONS
In this paper we have identified dense cores in galaxies out
to z = 2.5, using data from the 3D-HST project augmented
by low redshift information from UltraVISTA and the Sloan
Digital Sky Survey. We find that the evolution of cores with
mass log(M1 kpc) ∼ 10.5 is well described by mild mass loss,
suggesting that their stars form a passive stellar population
since z ∼ 2.5. We note that mergers may also contribute to
the evolution, and that the effects of mass loss are sensitive
to the assumption that 100 % of the stellar ejecta mix with
the hot halo gas. At z ∼ 2.5 the cores make up ∼ 50 % of
the total mass of the galaxies that they are part of. At lower
redshift they make up a decreasing fraction of the total mass,
and by z = 0 they are embedded in large envelopes of stars
with effective radii ∼ 5 kpc.
We focused on cores of a fixed high mass, but we note that
the evolution of the core mass function is mass-dependent (see
Fig. 3), with low mass cores showing strong positive evolution
in their number density. This mass dependence has also been
seen in the total mass function (Marchesini et al. 2009) and
in the velocity dispersion function (Bezanson et al. 2011). At
low masses star formation may lead to a relatively uniform
build-up of galaxies, with the stellar density increasing at all
radii, whereas at high masses galaxies are built up inside-out
(see van Dokkum et al. 2013).
The negative mass evolution of the cores has consequences
for the interpretation of massive star forming galaxies at z =
1 − 2.5 and the evolution of quiescent galaxies, as discussed
in § 5. However, we emphasize that not all massive galaxies
17
“Progenitor bias”; see van Dokkum & Franx (1996, 2001) for a descrip-
tion of this bias in the context of samples selected by morphology.
VAN DOKKUM ET AL. 13
have dense cores: selecting on total mass produces different
samples than selecting on core mass, as is obvious in Figs.
2 and 9. Our conclusions only hold for galaxies with a dense
core, and leave open the possibility that massive galaxies with
low core masses have different evolutionary trajectories. It
so happens that by z ∼ 2 our selection mostly overlaps with
the population of massive, quiescent galaxies at that redshift,
which is why we can rule out several proposed models for
their evolution (see § 5).
We also find that, at fixed total mass and redshift, the pres-
ence of a dense core is a good predictor of quiescence and
(perhaps more interestingly) its absence is a nearly perfect
predictor of star formation (see Fig. 9). The latter result is
strikingly unambiguous: of 91 galaxies with Mtot > 1011 M⊙
and M1 kpc < 109.5 M⊙ only one is quiescent. Apparently the
presence of a dense core is a “non-negotiable” requirement
for stopping star formation in massive galaxies.
Perhaps the most important result of this paper is that the
contribution of stars in dense cores to the stellar mass density
of the Universe increases strongly with redshift, reaching val-
ues of 10 % – 20 % at z∼ 2 (§ 4.6 and Fig. 6b). In light of this
high fraction we suggest that the formation of these cores is
an important aspect of star formation, galaxy formation, and
black hole formation at high redshift.
Interestingly it is not yet clear how this happened. Near the
end of their main star formation epoch, prior to stellar mass
loss, the cores were even more massive and compact than at
z ∼ 2. The gas mass that was converted to stars inside 1 kpc
must have approached 1011 M⊙. Furthermore, this gas must
have arrived in the core without forming many stars at larger
radii: the quiescent descendants at z ∼ 2 have small effective
radii and no low surface brightness envelopes (e.g., Szomoru
et al. 2010, 2013). Several mechanisms have been proposed
for creating very compact massive galaxies, such as mergers
(Hopkins et al. 2008) and disk instabilities (Dekel & Burk-
ert 2014). However, reproducing the surface density profiles
of the cores has proven to be challenging (see Wuyts et al.
2010). It will also be interesting to see whether models can
be created that simultaneously explain the existence of large,
massive disks such as that of M101 and of extremely com-
pact cores of similar mass. Forming large disks requires feed-
back and significant angular momentum (e.g., Guedes et al.
2011), whereas forming dense cores requires rapid cooling
and a mechanism to lose angular momentum efficiently (Sales
et al. 2012; Dekel & Burkert 2014). Whatever the mechanism
is for getting gas into the center, the core mass will build up
quickly when star formation begins. The adiabatic enhance-
ment discussed in Appendix E should also apply “in reverse”:
when mass is added to the center, the mass within 1 kpc will
increase as ∼ (M′/M)2 due to adiabatic contraction.
Whether forming dense cores have been observed is a mat-
ter of debate. As discussed in § 5 star forming galaxies with
dense cores, such as those identified by Patel et al. (2013) and
Barro et al. (2013), may not be forming the core itself but stars
away from the center. Spatially-resolved star formation maps
(e.g., Förster Schreiber et al. 2011; Nelson et al. 2013; Wuyts
et al. 2013), or spectroscopy to determine the kinematics of
the gas, may provide more information on the location of star
formation in these objects. Given the high metallicity of the
centers of present-day elliptical galaxies and the high densi-
ties, the star forming cores must have had very large amounts
of absorption. They may be largely invisible in the optical
and near-IR, and possibly even at larger wavelengths.18 Stud-
ies of red, far-IR selected galaxies have shed some light on
this issue (e.g., Tacconi et al. 2006, 2008; Wang, Barger, &
Cowie 2012; Gilli et al. 2014). The “prototype” would be a
dusty star forming galaxy with a compact morphology and a
gas dispersion that matches the dispersion of present-day el-
liptical galaxies; such an object has recently been identified
(Nelson et al. 2014).
The main uncertainty in the analysis is the conversion of
light to mass. As discussed in Appendix A and elsewhere, the
systematic uncertainties are∼ 0.1 dex, or half of the observed
evolution in the core mass. Stellar kinematics are a crucial
check on the mass measurements (see, e.g., Bezanson et al.
2013; van de Sande et al. 2013; Belli et al. 2013), although
models for the structure of the galaxies and their dark matter
are required to interpret them. Furthermore, we have ignored
radial gradients in M/L ratio. Our analysis shows that the core
masses do not grow but the total masses do, which means the
stellar populations in the core are likely different from those
at larger radii. The available evidence suggests that these gra-
dients are generally small (Szomoru et al. 2013), but it is
difficult to measure them at the relevant spatial scales: 1 kpc
corresponds to a single native WFC3 pixel. Spatially-resolved
studies of strongly-lensed galaxies with dense cores could ad-
dress this issue.
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APPENDIX
A. TYING THE WIDE-FIELD COSMOS DATA TO 3D-HST
In the main text we augment the 3D-HST survey with data from the UltraVISTA (Muzzin et al. 2013b) and “Zürich” (Sargent
et al. 2007) programs in the 1.5 degree2 COSMOS field. Here we compare total masses and core masses of objects that are in
common between the two surveys, and derive an offset to place the wide-field data on the same system as the 3D-HST data. We
also use a third survey, the NEWFIRM Medium Band Survey (NMBS; Whitaker et al. 2011). We note that none of these surveys
are completely independent; in particular, 3D-HST uses imaging data from both the NMBS and from UltraVISTA.
The comparison sample is limited to objects in the 3D-HST/CANDELS COSMOS field that have stellar mass measurements
from UltraVISTA and GIM2D structural parameters from the Zürich catalog. Figure A1a shows the difference in stellar mass
between 3D-HST and UltraVISTA, as a function of redshift. Yellow points are objects with 9 < log(M1 kpc) < 9.8, and black
points are objects with log(M1 kpc)≥ 9.8. The two surveys produce consistent masses for the vast majority of objects: the median
18 Somewhat akin to dragonflies, which are aquatic during their nymph stage.
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difference for the yellow points is only 0.01. However, the subset of galaxies with high core masses (and the highest total masses)
and low redshifts show an offset. The black line is a fit of the form
log(Mtot)(UltraVISTA) − log(Mtot)(3D − HST) = 0.23 − 0.30z. (A1)
This fit is valid for logM1 kpc > 9.8 and 0.2 < z < 1.
Figure A1. a) Comparison of total masses measured in UltraVISTA to those measured in 3D-HST, for the same objects. Yellow dots are galaxies
with 9 < log(M1 kpc) < 9.8; black dots are galaxies with log(M1 kpc)≥ 9.8. The line is a fit to the black points. b) Comparison between NMBS
and 3D-HST. There is no evidence for a systematic difference. c) Comparison between UltraVISTA and NMBS. The same difference is evident
as between UltraVISTA and 3D-HST: the most massive galaxies at low redshift have slightly higher masses in UltraVISTA. d) Mass-mass
diagram showing total masses in UltraVISTA, offset using the black line in panel a, versus 3D-HST masses. e) Comparison of masses within
1 kpc, after offsetting the UltraVISTA masses to the 3D-HST system. The two datasets agree within the uncertainties.
In Fig. A1b we show the difference between masses in 3D-HST and in the NMBS survey (Whitaker et al. 2011). The NMBS
is a ground-based K-selected survey, like UltraVISTA, and it uses similar photometric bands.19 There is no systematic offset
between 3D-HST stellar masses and NMBS stellar masses. This conclusions also applies to the most massive galaxies (black
points): the black line is a fit to the most massive objects, and it is within 0.03 dex of zero at all redshifts. Panel c compares masses
in UltraVISTA to those in NMBS. As expected from panels a and b, we find that UltraVISTA and NMBS have systematically
different masses for massive galaxies at low redshift. This subtle redshift-dependent effect is not evident in Fig. 8 of Muzzin
et al. (2013b); it is present when that figure is remade for the most massive galaxies in the redshift range 0 < z < 0.5, at a level
consistent with Fig. A1c.
Based on these comparisons we apply an offset to the UltraVISTA masses, using the relation in Eq. A1. We stress that we
do not know whether the masses in UltraVISTA or in 3D-HST are closer to the correct values; we simply adopt the 3D-HST
system as our default and add the applied offset in quadrature to our error budget. In Fig. A1d we show the relation between
the total masses in UltraVISTA and in 3D-HST after applying the offset, for galaxies with log(M1 kpc) > 9.8 and 0 < z < 0.5.
The difference is now close to zero, as expected. The scatter is 0.09 dex. Assuming that the errors that cause this scatter are of
similar magnitude and independent in both surveys (which is an oversimplification), we infer that the error in an individual mass
measurement is 0.09/
√
2 = 0.06 dex.
In Fig. A1e we compare the derived core masses for these same galaxies. The core masses were calculated from the total
masses and the structural parameters of the galaxies (see § 3). These structural measurements are completely independent: for
3D-HST they are measured using GALFIT (Peng et al. 2002) from WFC3 J125 images (in this redshift range), whereas for
COSMOS they were measured using GIM2D (Simard et al. 2002) from ACS I814 images. The core masses have an offset of
0.00±0.02 dex, which means the two surveys produce consistent core masses after the offset that we applied to the total masses
19 The main difference is that NMBS uses medium-bandwidth near-IR fil-
ters, which leads to improved photometric redshifts at z & 1. NMBS covers a 6× smaller part of the COSMOS field than UltraVISTA.
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in UltraVISTA. The random error for a single measurement is approximately 0.08 dex. The core mass function (i.e., the number
density of galaxies as a function of their mass within 1 kpc) in UltraVISTA is shown in Fig. 3b in the main text; if we had not
applied the mass offset the core mass function in this panel would be shifted by +0.09 dex.
As a further check we compare the core mass function from the wide field COSMOS data to that derived from 3D-HST. We
cannot compare the redshift range 0 < z < 0.5 as the 3D-HST data do not sample enough volume (which is why we turned to
UltraVISTA/Zürich for this redshift range). However, we can do this comparison at 0.5 < z < 1. Here we are constrained by the
I = 22.5 limit of the Zürich morphological catalog; this limit implies that the completeness drops below 80 % for core masses
log(M1 kpc) . 10.5. We show the comparison between 3D-HST and UltraVISTA/Zürich in Fig. A2. The data are in excellent
agreement for log(M1 kpc) > 10.4.
Figure A2. Number density of galaxies as a function of their core mass, for 0.5 < z < 1 and data from 3D-HST (black line) and from the
UltraVISTA/Zürich wide-field survey of the COSMOS field (solid red line). The broken red line indicates the regime where the Zürich
magnitude limit leads to incompleteness. The two surveys are in good agreement in the regime where they are both complete.
B. EFFECT OF RANDOM ERRORS ON THE EVOLUTION OF THE CORE MASS FUNCTION
Due to the steepness of the core mass function random errors can lead to an artifical increase in the number density of the cores
with the highest masses (see, e.g., Bezanson et al. 2011, for an analysis of this effect on the velocity dispersion function). If the
random errors are a function of redshift, such that the highest redshift data suffer from the largest errors, they might explain part
or all of the observed evolution in the core mass function.
We analyze the effects of random errors in the following way. The observed core masses of individual galaxies in the Sloan
Digital Sky Survey (SDSS) are perturbed using a log-normal probability distribution of width s. Then, the core mass function
is constructed using these perturbed masses and compared to the observed core mass function at 2 < z < 2.5. The value of s is
related to the errors in the core masses at high redshift, eh, and the errors at low redshift, el , through eh = (s2 + e2l )0.5.
In Fig. B1 we show the effects on the observed core mass function for two values of s, 0.08 dex and 0.25 dex. The value of
0.08 is derived from the analysis in Appendix A, where we show that this is the approximate random error eh in an individual
measurement in 3D-HST. Assuming that the SDSS measurements have no error and hence el ∼ 0, we find s ∼ 0.08 dex. This
can be regarded as a “maximum plausible” error, as there is no a priori reason why the SDSS measurements should have a much
smaller error than the high redshift data. It is clear from the dotted line in Fig. B1 that random errors of this magnitude have
little effect on the inferred evolution of the core mass function. To bring the SDSS core mass function into agreement with the
observed core mass function at high redshift, the random errors at high redshift would have to be ∼ 0.25 dex greater than those
in the SDSS.
C. FIELD-TO-FIELD VARIATIONS
Galaxies with dense cores are rare and presumably live in massive dark matter halos; it is therefore a concern that the results in
this paper are driven by one or two overdense or underdense regions of the Universe. This is a particular concern for the analysis
of the evolution of the number density of massive cores (§ 4). Fortunately, the 3D-HST/CANDELS survey covers five survey
fields in completely different regions of the sky, and we can test whether the densities in the five fields are similar.
Figure C1 is a repeat of Fig. 4, and shows the evolution of the cumulative number density of galaxies with log(M1 kpc) > 10.5.
Colored lines show the evolution as measured from the five individual 3D-HST/CANDELS fields. The individual fields show the
same evolution as the five fields combined, and there is no single field that significantly alters the average at a particular redshift.
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Figure B1. Effect of random errors on the evolution of the core mass function. The dotted line shows the SDSS core mass function after
perturbing the core masses by a Gaussian of width s = 0.08 dex, which is the empirically-determined uncertainty in individual measurements in
the 3D-HST survey. Random errors in this range cannot explain the observed difference between the core mass function at 2 < z < 2.5 and at
low redshift. Errors of ±0.25 dex (dashed line) would be required to bring the two functions into agreement.
Figure C1. Field-to-field variation in the cumulative number density of dense cores. Black points are identical to those plotted in Fig. 4 in the
main text. Colored lines show the evolution as measured in each of the five 3D-HST/CANDELS fields. The evolution is consistent, and the
error due to field-to-field variation (“cosmic variance”) is small compared to other sources of error.
The scatter between the fields is ≈ 0.15 dex for the three lowest redshift bins and only 0.04 dex at z = 2 − 2.5. We conclude that
the error in the mean due to cosmic variance is approximately 0.15/
√
5 ≈ 0.07 dex, much smaller than the errors due to mass
uncertainties (see main text). We also infer that there are no large differences in the absolute mass calibrations between the five
fields, as they would “translate” into large variation in the normalization of the five curves.
D. PAIRS OF GALAXIES WITH DENSE CORES
As discussed in § 4.3 there are only three pairs of galaxies with dense cores in the 3D-HST/CANDELS fields, out of a parent
population of 267 galaxies with log(M1 kpc) > 10.5. One pair is in the COSMOS field, one in the AEGIS field, and one in the
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UDS field. No core-core pairs with projected separations d < 43 kpc are found in either of the GOODS fields. Color images of
the three pairs are shown in Fig. D1.
Figure D1. The only pairs of galaxies with dense cores in the entire 3D-HST survey: a pair at z ≈ 1.71 in the AEGIS field (left), a pair at
z ≈ 2.31 in COSMOS (middle), and a pair at z ≈ 2.07 in UDS (right). Interestingly, all three pairs have other similarly red galaxies in their
vicinity.
E. THE EFFECT OF MASS LOSS ON THE MASS WITHIN 1 KPC
Stellar mass loss can affect the mass within a fixed aperture of 1 kpc in two ways: directly through the mass that is lost in the
winds, and indirectly through the adiabatic expansion that follows the change in mass. As discussed in the main text, the latter
effect is only important if 100 % of the stellar ejecta mix with the hot halo gas. Here we calculate the total effect on M1 kpc, the
stellar mass within 1 kpc, under the assumption that all the material is heated and is diffusely distributed in the hot halo. The
galaxy’s effective radius will then increase as
r′e/re ∼ (M′/M)−1tot (E1)
due to adiabatic expansion (Hills 1980; Fan et al. 2008; Ragone-Figueroa & Granato 2011). The effect on the mass within 1 kpc
therefore depends on the structure of the galaxy. If most of the total mass is within 1 kpc to begin with the effect is negligible and
(M′/M)1 kpc ∼ (M′/M)tot. On the other hand, if the galaxy has a density profile that is nearly constant with radius (and therefore
re ≫ 1 kpc), the mass inside 1 kpc will decrease as (M′/M)1 kpc ∼ (M′/M)tot× (r′e/re)−3 ∼ (M′/M)4tot.
In practice the effect on M1 kpc will be in between these two extremes. We determined the change in M1 kpc empirically using
the actual galaxies in the 3D-HST survey. Figure E1 shows the ratio between M1 kpc and Mtot as a function of the effective radius,
for galaxies with log(M1 kpc) > 10.4, 1.5 < z < 2.5, and −0.3 < log(re) < 0.5. The slope of the relation ranges between −0.6 and
−1.3 depending on the Sersic (1968) index. The average relation, shown by the solid line, is M1 kpc/Mtot ∝ r−0.8e .
We infer that the total effect of stellar mass loss on the mass within 1 kpc is
(M′/M)1 kpc∼ (M′/M)tot× (r′e/re)−0.8
∼ (M′/M)1.8tot . (E2)
We note that this relation assumes that there are no other sources of mass loss than stellar evolution. If there are other sources of
mass loss, such as AGN-driven winds (e.g., Fan et al. 2008), the adiabatic component of Eq. E2 may be larger.
F. CORE MASS FUNCTION USING MAJOR AXIS EFFECTIVE RADII
In the default analysis in the paper we use the circularized effective radius to deproject the best-fitting Sersic (1968) profiles
and measure the core mass. As noted in § 4.5, the circularization may introduce biases if the mean axis ratio of galaxies evolves
with redshift: at fixed circularized effective radius, highly flattened galaxies have less mass in a sphere of 1 kpc than spherical
galaxies. We determined the importance of this effect by repeating the deprojection, now using the major axis effective radius
rather than the circularized effective radius. The major axis effective radius is always larger than the circularized one, and so the
inferred core masses decrease; the question is whether this decrease is dependent on redshift.
The core mass function, as derived using the major axis effective radius, is shown by the black lines in Fig. F1. It is compared to
the original, circularized measurements in grey. There is no significant redshift-dependent effect, and we conclude that systematic
changes in axis ratio are not the cause of the apparent negative evolution in the number density of dense cores.
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